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1 WIND BLADE SPAR CAP AND METHOD OF MAKING 

2 Statement as to rights to inventions made under Federally-sponsored research and development 

3 The invention was made in part with Federal funds from the Department of Energy. 

4 Field of the Invention 

5 The present invention is directed to wind blades, and more particularly, to wind blade design and 

6 manufacturing methods. 

7 Background of the Prior Art 

8 The United States Department of Energy has set aggressive goals for increasing the use of wind 

9 power in the country. In order to achieve these goals, the Cost Of Energy (COE) must come 

10 down for wind power because it is not cost-competitive with other energy sources at this time. 

1 1 Currently, one of the most promising opportunities for significantly reduced COE is through the 

12 coordinated development of superior low-cost materials using reliable, high- volume component 

13 manufacturing techniques for components used in wind power applications. Rotors, usually 

14 consisting of two or three blades attached to a hub, represent the highest cost component of a 

15 wind turbine despite being less than 15% of its weight. Reducing blade weight has a dramatic 

16 weight-saving effect throughout the rest of the wind turbine. However, a careful balance must be 

17 achieved between reductions in blade weight and the higher costs typically associated with 

18 specialized lightweight materials such as carbon composites in order to realize reduced COE 

19 overall. Most large wind blades are currently made from glass fiber reinforced plastic (GFRP), 

20 with some sandwich core materials. 

21 The value of lighter materials becomes a necessity when trying to scale to larger blades, and thus 

22 more efficient turbines. In scaling wind blade sizes from 40 m to 60 m in length, commercial 

23 blades at the upper end of the current size range are already nearing the limit of conventional 
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1 designs from the standpoint of size, strength, and durability in operation over time. For large 

2 blades to avoid the near cubic weight increase with size, carbon or glass/carbon hybrid 

3 composites and manufacturing processes that yield better mean properties and/or reduced 

4 property scatter through improvements in fiber alignment, compaction and void reduction are 

5 required. This nonlinear increase of weight as a function of length/size was also discussed in 

6 references relevant in the art area. 

7 While carbon fiber reinforced plastics (CFRP) have superior properties, such as about three times 

8 the stiffness with significantly better fatigue properties compared to GFRP, it also has a much 

9 higher cost. While conraionly used E-glass costs less than USD$l/lb at the time of the 

10 application filing for letters patent of the present invention, standard modulus carbon fiber costs 

11 on the order of 6 to 20 $/lb, depending on type, tow-size and volume. As such, the present 

12 invention proposes a solution that provides a resultant product that is a hybridize of these two 

13 materials together to achieve an optimum design based on cost and performance. In general, the 

14 cost advantage or disadvantage of carbon fiber replacement will depend on the cost ratio of labor 

15 to materials. In order to take advantage of carbon properties compared with the prior art 

16 composites, new designs and manufacturing methods of the present invention provide for 

17 reduced labor time and therefore reduced costs, which now permit CFRP wind blades to be 

18 manufactured at a commercially competitive cost. From an industrial point of view, advantages 

19 of carbon fiber reinforced plastics/composites in blades according to the present invention 

20 include: 

21 1 . Thinner and more efficient profiles resulting in higher energy output, 

22 2. Stiflfer blade resulting in shorter nacelle, 

23 3. More slender blades resulting in lower extreme loads on tower and nacelle, and 
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1 4. Lower blade mass resulting in easier to handle production and mounting. 

2 The present invention includes materials, preferably 3-D woven hybrid glass-carbon and matrix 

3 materials, used in spar caps for wind blades, the spar caps made therefrom and the wind blades 

4 made therewith. Advantages of using these materials in such embodiments are discussed in the 

5 following in detail, and includes in summary: more efficient design approach using integral, 

6 unitary, single-piece variable width, with decreasing width from root to tip of the blade, spar 

7 caps and/or 3-D woven skins with variable density balsa behind and forward of the spar caps; 

8 and improved manufacturing processes including resin infusion of same, thereby leading to 

9 reduced labor cost and better quality control, as well as improved products and use thereof 

10 When it comes to core materials, Baltek Corporation of Northvale, New Jersey, USA is the 

1 1 world leader in balsa core materials. They have spent over 25 years of research perfecting end 

12 grain balsa materials. Genetically selected seeds are plantation grown in ideal conditions 

13 producing balsa trees with much improved consistency. Balsa core materials are used in many 

14 wind turbine blade designs today, and Baltek is a big player in this market. Current designs use 

15 only one density of core along the entire length of the blade. An improved structural efficiency 

16 can be obtained in a wind blade by tailoring the sandwich core to only the required density, 

17 which will vary along the length of the blade. To enable cost efficient manufacturing of the 

1 8 blades, the core materials can be pre-cut, labeled and "kitted' at the Baltek factory. 

19 One of the most promising recently developed textile processes is a new form of 3D weaving 

20 being commercialized under the trademark 3-D woven by 3TEX, Inc. of Cary, North Carolina 

21 USA. Embodiments of the present invention preferably include unitary, integral 3-D woven 

22 materials and/or 3-D weaving technology, as well as distinguishing its differences from 2-D 

23 weaving and previous 3-D weaving techniques. 
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1 A fully automated 3-D weaving process with multiple, simultaneous filling insertions was 

2 developed at the North Carolina State University College of Textiles, located in Raleigh, North 

3 Carolina. This process does not involve the building up of layers in the fabric; instead, a unit of 

4 thick, true 3-D fabric is formed during each weaving cycle. 

5 There are at least three revolutionary advances contained within this process, including the 

6 automated use of multiple weft insertion in a single weaving cycle, the automated method of 

7 producing net-shaped forms in various cross-sectional shapes, including "I", "T" and "P" shapes, 

8 as well as core or pile structures, and the ability to include controlled amounts of Z direction 

9 fiber, for example up to 1/3 of the total fiber volume, in an integral and automated fashion. Due 

10 to multiple filling insertions per weaving cycle, architectures can be achieved that cannot be 

1 1 done with conventional weaving. In addition to these advances, 3-D woven materials do not 

12 have internal fiber crimp, or interlacing at yam intersections within the body of the material or 

13 fabric, which enhances fatigue performance over previously attempted conventional carbon 

14 materials in wind turbine blade applications. A schematic of the 3-D orthogonal woven structure 

15 is illustrated in Figure 1 . 

16 The ability to make thicker/heavier fabrics with a controlled and uniform fiber architecture 

17 results in some inherent advantages for 3-D woven fabrics, including thicker fabrics for 

18 providing fewer required layers and less labor, faster resin infusion due to higher permeability 

19 for faster composite processing times, and low or no fiber crimp for higher in-plane properties 

20 (e.g. tension and compression), sufficient amounts of Z direction fibers providing for higher 

21 transverse shear strength and total suppression of delamination. Many of these advantages 

22 resulting from Z-direction fiber have been studied at the laboratory scale for years, as evidenced 

23 by the over 170 references cited in a review article. These advantages are realized in 
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1 commercially available materials produced by 3TEX, Inc. of Gary, North Carolina USA, which 

2 manufactures carbon and glass 3-D woven materials for applications in the marine and other 

3 industries. 

4 The present invention applies these advantages with intelligent hybridization of carbon and glass 

5 for novel applications in wind blade spar cap design and construction, and methods therefore, 

6 which have not been taught or suggested in the prior art. Thus, prior to the present invention, 

7 there has remained a need in the art for hybrid carbon-glass composite spar caps for wind blades 

8 for providing increased stiffness and performance, with improved processing and reasonably 

9 competitive commercial costs. 

10 Summary of the Invention 

1 1 A wind blade spar cap for strengthening a wind blade including an integral, unitary three- 

12 dimensional woven material having a first end and a second end, corresponding to a root end of 

13 the blade and a tip end of the blade, wherein the material tapers in width from the first to the 

14 second end while maintaining a constant thickness and decreasing weight therebetween, the cap 

15 being capable of being affixed to the blade for providing increased strength with controlled 

1 6 variation in weight from the root end to the tip end based upon the tapered width of the material 

17 thereof, 

18 An integral, single-piece spar cap having constant thickness and variable width, preferably made 

19 from 3-D Woven Carbon/Glass Hybrid material for reducing rotor blade weight and 

20 manufacturing cost. An integral, single-piece spar cap having constant thickness and variable 

21 width, preferably made from 3-D woven Glass skin material, variable density balsa core 

22 sandwich component for reducing rotor blade weight and manufacturing cost. 

23 Methods of making the invention are also provided. 
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1 Brief Description of the Drawings 

2 Figure 1 shows a schematic of 3-D orthogonal woven structure and unit cell geometry 

3 nomenclature, 

4 Figure 2 shows a 3-D woven Design Having 100% Carbon Warp with Glass Filling and Z. 

5 Figure 3 shows a 3-D woven"*^^ Designs Having Carbon/Glass Hybrid Warp and Glass Filling 

6 and Z. 

7 Figure 4 shows a side view of a spar cap and wind blade according to one embodiment of the 

8 present invention. 

9 Figure 5 shows a cross-sectional view of the spar cap of Figure 4. 

10 Figure 6 shows a diagram of a comparison between calculated and measured tensile modulus. 

11 Detailed Description of the Invention 

12 Referring now to the drawings in general, the illustrations are for the purpose of describing a 

13 preferred embodiment of the invention and are not intended to limit the invention thereto. 

14 Traditional spar cap designs and fabrication methods and associated limitations are overcome by 

15 the embodiments of the present invention set forth herein. The present invention provides for 

16 increased strength and stiffness of wind blades using spar caps formed of 3-D woven fabrics that 

17 are moldable and conformable to the wind blade shape and design, without negatively impacting 

18 aerodynamic qualities or increasing the weight of the blade. Delamination is also eliminated 

19 with the integral, unitary spar cap formed with a 3-D engineered fabric, preferably a 3-D woven 

20 fabric, according to the present invention that provides increased stiffness at the root and 

21 gradually decreases in weight and coverage moving from the root to the tip of the blade, all 

22 without using or incorporating plies of material. 
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1 In particular 3-D fabrics having predetermined, controllable, and adjustable thickness 

2 dimensions, which are held constant or substantially constant in preferred embodiments of the 

3 present invention, while cutting the material to vary the width, provides for new options, designs, 

4 and constructions for wind blade structures including spar caps. More particularly, 3-D woven 

5 thick performs used to form a tapered spar box that kept the thickness constant and varied the 

6 width over the length of the blade. This eliminates the current method of the prior art of dropping 

7 plies to vary the thickness between about 0.10 to about 0.50 inches, preferably about 0.25 inches 

8 thick, and thus eliminates the associated stress concentration points of wind blades having spar 

9 caps as represented in the prior art. It was also decided that a single layer of 3-D woven material 

10 could be used as a skin for the balsa sandwich in the areas aft and forward of the spar. This 

1 1 would provide for a more uniform composite skin and translate into more uniform properties. 

12 The density of the balsa may also adjusted throughout the blade as needed, for additional weight 

13 savings, in certain embodiments. In addition, the team identified that the thickness of the 

14 sandwich could be reduced to match the reduced thickness of the spar cap also resulting in less 

15 weight. 

16 Therefore, two embodiments of the present invention are described and set forth herein: a 

17 constant thickness variable width spar cap design based on a single 3-D woven preform, and a 3- 

18 D woven skin, variable density balsa core sandwich structure. 

19 The overall objectives of the present invention include products and methods using composites 

20 with hybrid carbon/glass 3-D woven material in the spar caps and/or in sandwich skins with 

2 1 balsa core for the cost-effective design and manufacture of large wind turbine blades. 

22 Thus, one embodiment of the present invention provides an integral, single-piece spar cap having 

23 constant thickness and variable width for controlling blade strength, weight, and stiffness, as well 
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1 as flexibility, preferably made from 3-D Woven Carbon/Glass Hybrid material for reducing rotor 

2 blade weight and manufacturing cost. Another embodiment of the present invention provides 

3 integral, single-piece spar cap having constant thickness and variable width, preferably made 

4 from 3-D woven glass skin material, variable density balsa core sandwich component for 

5 reducing rotor blade weight and manufacturing cost. 

6 Still another aspect of the present invention provides methods of making the invention are also 

7 provided, wherein methods of making the 3-D woven spar cap include the steps of: providing a 

8 plurality of yam systems for supplying input to a weaving machine; 

9 introducing the yam to the machine for manipulation in each of x-, y-, and z- directions, where 

10 the directions produce intersecting points; 

1 1 forming an integral, unitary three-dimensional woven material having a predetermined, 

12 controlled thickness from the yam where the x- and y-direction yams are disposed to each other 

13 without interlacing, and where the z-direction yams are manipulated to secure the x- and y- 

14 direction yams in respective planes; 

15 cutting the material to form a tapered spar cap section; 

16 applying the tapered section to a wind blade such that the taper direction of the section decreases 

1 7 from a root end of the blade to a tip end of the blade. 

18 The method preferably also fiirther includes the step of introducing a resin to the section prior to 

1 9 applying it to the blade. 

20 For varied size wind blades, the length, width, and/or thickness of the spar cap is selected based 

2 1 upon blade characteristic requirements and materials selected. 

22 For the spar cap product and methods, carbon/glass hybrids are preferably used with two 

23 different hybridization approaches. In the first, the warp yams (spar cap length direction) was 
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100% Toray T 700, 24 K carbon fiber, whereas the filling and Z yams were PPG E-glass Hybon 
2022, 1800 yield (see Figure 2), The warp and Z yams concentration was 10 per inch. All spar 
preforms were woven with 7 layers of warp and 8 layers of filling on one of STEX's automated 
3-D weaving machines. Five preform designs were woven with the number of filling insertions 
per inch varied fi'om 2.5 to 5 producing quasi-unidirectional materials having fiber weight 
distribution in the warp between 80.5% and 88.3%. The thickness was kept below 0.25" to meet 
the specifications of available tensile testing machines. Details of these materials are given in 
Table 1. 

Table 1. First Set of Spar Cap 3-D Woven Fabrics 

Warp: 7 Layers, Carbon Toray T700, 24K, 10 ends/inch/layer. 

Filling: 8 Layers (double insertion), E-Glass Hybon 2022, 1800 yield (1800 yd/lb). 

Z-yam: 10 ends/inch, E-Glass Hybon 2022, 1800 yield (1800 yd/lb). 
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15 In the second approach, two hybrid arrangements were made. In one of them, carbon and glass 

16 were used in the warp direction in separate layers with three (Figure 3a) and five layers (Figure 

1 7 3b) being glass. In the other design, carbon and glass fibers were mixed in alternating fashion in 

18 four layers (Figure 3c). Only materials with 3 and 4 filling insertions per inch were produced 
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since those with less than three insertions per inch were found to be difficult to handle during 
cutting and resin infusion. Details of these fabrics are given in Table 2 shown below. 
Table 2. Second Set of Spar Cap 3-D woven Fabrics 

Warp: 7 layers, Hybrid Carbon Toray T700, 24K, E-Glass Hybon 2022, 218 yield, 10 yams/inch/layer 
Filling: 8 layers (double insertion), E-Glass Hybon 2022, 1 800 yield, 



Product 
Identification 


Warp Layers 


per 

Inch 


Weight 

Oz/yd' 


Thickness 
Inch 


Fiber Volume Fraction % 


Distribution of Fiber Physical 
Weight % 


Warp 


Filling 


Z 


CarboD 


Class 


Mixed 








Total 
Vf 


Carbon 


Glass 
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0.23 
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41.7 
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5 
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10 



It is worth noting that a total fiber volume fraction in the preform of 48% results in about 55% 
fiber volume fi-action in the composite due to the vacuum applied during the infusion process. 
Table 3. Spar Cap 3-D woven Fabrics Measured Parameters 
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1 

2 A study was conducted as a parametric survey, examining a range of modulus of elasticity and 

3 determining the blade weight savings, which would result and the maximum material costs, 

4 which would prove economical. Detailed results are presented in the form of Tables. 

5 BLADE MODEL 

6 As previously mentioned, the present study employs a sample blade design for a 37-m blade 

7 designed for a 1.5-MW wind turbine operating in lEC Class IIA conditions as the baseline for 

8 the current studies. The results presented here are relative to that design. 

9 To facilitate rapid analysis, a structural model of the sample blade was built using software 

10 modeling; it was able to match the mass of the baseline blade to within 2% of "nominal", which 

11 is better than the reproducibility of the manufacturing method, and match the maximum tip 

12 deflection to within 1%. The model contains the following features: 

13 Detailed definition of the geometry including chord length, twist, pitch axis offset in x and y, and 

14 67 coordinates defining the airfoil geometry at each of 46 span wise locations firom the root to 

15 the tip; 

16 Modeling of nine different composite materials, including: Biaxial (±45°) glass fabric, 

17 unidirectional glass fabric, biaxial carbon fabric, unidirectional carbon fabric, thick 3-D woven 
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1 for the spar caps, thin 3-D woven for the skins, epoxy resin, gel coat resin, balsa, and the like, 

2 and combinations thereof. 

3 For each material the user can input the mass density, Ei i stiffiiess, and cost per kilogram. For 3- 

4 D woven, a range of properties and costs were employed as part of the parametric study. For 

5 each composite construction, the user can independently control the fiber volume faction. For all 

6 3-D woven modeling, a fiber volume fraction of 55% was employed. 

7 Modeling of eleven separate regions of laminate material at each spanwise station, see Figure 5 

8 upper surface spar cap. The width of the spar cap is set at the z=9215 mm station (maximum 

9 chord length) and at the tip. The width is assumed to taper linearly in between. Inboard of 

10 z=9215, the spar cap is assumed to be constant width. The spar cap is automatically placed 

1 1 centered on the pitch axis (y=0). 

12 Alternative constructions of the present invention include the following and combinations 

13 thereof: 

14 Lower surface spar cap, which is assumed to be identical to the upper surface spar cap. 

1 5 Balsa forward of the upper surface spar cap 

1 6 Balsa aft of the upper surface spar cap 

1 7 Balsa forward of the lower surface spar cap 

1 8 Balsa aft of the lower spar cap 

19 Skins, which can include unidirectional and biaxial glass fabric, unidirectional and biaxial carbon 

20 fabric, and thin 3-D woven. The thickness of each can be controlled independently. 

2 1 Leading edge tape, which remains unchanged from the baseline blade; 

22 Trailing edge tape, which remains unchanged fi-om the baseline blade. 

23 Forward shear web, which remains unchanged fi-om the baseline blade. 



12 



Atty docket #1100-041 

1 Aft shear web, which remains unchanged. 

2 3-D woven Spar Cap 

3 A variety of materials and their costs, which would permit their economical use in a blade, were 

4 examined. In the first series of analyses, we examined only changes to the spar cap. The skins, 

5 shear webs, and leading and trailing edge tapes were unchanged. The balsa thickness 

6 distribution was unchanged, but the width of the balsa was automatically adjusted to conform to 

7 the changes in the spar cap width. 

8 The blade load distribution corresponding to the maximum tip deflection was applied. It should 

9 be noted that the maximum tip deflection of a real wind turbine results from the dynamics of the 

10 turbine, which are not only a function of instantaneous (i.e. quasi static) loading but also the 

1 1 dynamics of the loading and the various natural frequencies of the turbine. The load distribution 

12 employed here is the static loading, which results in the same blade deflection. 

13 However, it should be noted that since the dynamics of a different rotor blade would be different, 

14 this loading would not be invariant as the blade design is changed. For example, reducing blade 

15 mass without changing the blade stiffness will generally result in a slight increase in tip 

16 deflection due to loss of mass damping. Therefore, the loading would have to be increased 

17 slightly to account for this effect. The loading distribution was not changed. It should be 

18 understood, however, that lighter blades might have to be slightly stiffened beyond what is 

19 reported in this study in order to compensate for the loss of mass damping. 

20 Non-uniform loading of the blade in different locations along the length of the blade make the 3- 

21 D woven spar cap embodiments of the present invention best suited for balancing a mix or 

22 hybridization of materials, while ensuring a uniform, integral spar cap having decreasing width 

23 fi'om blade root end to the tip end, all while providing substantially constant thickness. 
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1 Furthermore, the balance of materials and structure between carbon in the X- or warp direction 

2 and E-glass in the Y- or filling direction at different concentrations or densities provides for 

3 optimization of the strength, weight, stiffness/flexibility characteristics, as well as providing a 

4 means for controlling and improving resin infusion flow throughout the material prior to 

5 application of the spar cap to the blade. 

6 Fatigue damage equivalent loads were applied to a few of the configurations, and the fatigue 

7 properties of 3-D woven materials were determined through testing. • 

8 Three geometric parameters which were controlled in providing a spar cap for a wind blade 

9 application include the root width, Wroot, tip width, wtip, and the thickness, t. If Wroot and Wtip are 

10 specified then the thickness, t, is determined solely by the modulus of elasticity, En, of the spar 

1 1 cap 3-D woven material. The design constraint imposed is that the tip deflection cannot exceed 

1 2 the baseline value. 

13 Using available data, it is assumed that a raw strain limit for carbon is 8,000 )istrain. 

14 Knockdowns or safety factors for composite properties as required by Germanischer Lloyd 

15 typically add to approximately 2.7, which would reduce the allowable strain limit to 

16 approximately 3,000 iistrain. All of the designs produced here remained under that limit. 

17 However, that limit should be rechecked once test data is available. 

18 In all of the analyses, a fiber volume fraction of 55% was assumed. Values for the "fiber" 

19 modulus of elasticity. En, between 60 and 202.5 GPa were employed. Assuming an epoxy En of 

20 3.1 GPa, this resulted in composite moduli between 34 and 1 13 GPa (5.0 and 16.4 Msi). 

21 Design Optimization Summaries 

22 Table 4 summarizes the results of the analyses for the 43 cases examined. This table can be used 

23 to determine the required composite thickness for a given combination of root and tip width and 

14 
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1 3-D woven composite stiffiiess. This is the thickness required to maintain tip deflection at the 

2 baseline value. Table 4 also lists the corresponding maximum strain values. It can be seen that 

3 everywhere they remain below 3,000 ^strain. 

4 Since the 3-D woven might be a mix of carbon and glass fibers, the average fiber density could 

5 lie anywhere between 1.8 and 2.6 g/cc. Please note that the density listed in the table refers to the 

6 fiber density, not the composite density. For a given average fiber density, Table 4 lists the 

7 corresponding fabric weight. 

8 The relative cost column requires some explanation. For each value of the modulus. En, the cost 

9 of the 3-D woven fabric was adjusted so that the best configuration equaled the baseline cost. For 

10 each value of En, the best configuration is shown in bold. The cost of the other configurations 

1 1 over the baseline, using the same cost for 3-D woven, is reflected in Table 5 as a percentage of 

12 the baseline cost. 

13 The principal conclusion to be drawn from the results in Table 4 is that a spar cap root width 

14 between 750 and 1,000 mm is optimal over the entire range of stif&iess values examined here, 

15 with the most optimal root width increasing from 750 to 1,000 mm as the stiffness is reduced. As 

16 the modulus of the spar cap is reduced, a thicker spar cap is required. Over much of the blade, 

17 this leads to a relatively less efficient use of material, which pushes the optimal design to a 

18 wider, thinner spar cap as the stiffness is reduced. 

19 The cost is not terribly sensitive over a range of 250 mm either side of the optimal. That is, at the 

20 highest values for the stififhess, the optimal range is from 500 to 1,000 mm, while for the low 

21 stiffiiess, the optimal range is 750 to 1,250 mm. The results are negligibly sensitive to the spar 

22 cap tip width over the range from 75 to 200 mm. For tip widths greater than 200 nmi, the cost 

23 does begin to increase. 
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Substantially increasing the stiffness will result in a significant reduction in blade weight. For a 
composite stiffhess of 16 Msi, reductions in weight from the baseline wet hand lay-up blade of 
between 30 and 33% are attainable, and reductions relative to the resin-infused baseline blade of 
between 20% and 25% are attainable, depending upon the density of the spar cap 3-D woven 
fabric. 

The weight reductions are still substantial, down to composite stiffness values of 6.6 Msi relative 
to the wet hand lay-up blade, but are marginal at that level compared to the resin-infused 
baseline blade. Since this stiffhess value is roughly equal to that of the resin-infused baseline 
blade unidirectional glass composite material, it suggests that the constant-thickness 3-D woven 
spar does not offer substantial advantages in glass. Instead, the concept may offer the best 
advantages in carbon or carbon/glass hybrids. In fact, at the lowest composite stiffhess level of 5 
Msi, the concept results in an increase in blade mass. It will be seen later that the chosen design 
for the Spar Cap has a 100% carbon warp and then glass filling and Z. Mixing of carbon and 
glass in the same direction requires thicker composites making for heavy blades. 
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Atty docket #1100-041 

The reason is fairly easy to understand. The constant thickness 3-D woven configuration 
matches the baseline fairly well over most of the blade but is overly stiff at the tip. This is 
impossible to avoid with any reasonable spar tip width. The problem is most severe with less 
stiff material, where the thickness at the tip becomes excessive. 
3-D woven Economics, Relative to Wet Hand Lav-up Baseline 

Table 5 lists the maximum economic fabric costs as a function of the average fiber density and 
the composite modulus of elasticity (assuming a fiber volume firaction of 55%). These can be 
interpreted as the maximum, which the 3-D woven fabric could cost and result in a blade, which 
was essentially equal in cost to the baseline blade. For each composite modulus of elasticity, the 
best configuration as defined in Table 4 was employed. 
3-D woven Economics. Relative to the Resin Infusion Baseline 

The baseline blade is a wet hand lay-up construction, with fiber volume fi-actions of 
approximately 43%. This is not a very fair comparison; because the 3-D woven concept is 
intended in a combination with the resin infusion process. Indeed, part of the benefit of the 3-D 
woven reflected in Table 5 is the higher fiber volume fraction attainable through the resin 
infusion and thus assumed in modeling the 3-D woven composites. It is possible, however, that 
the present blade could also be fabricated using resin infusion processes, resulting in a higher 
fiber volume fraction. Therefore, Table 6 reflects the same data as Table 5 compared instead to a 
resin infusion baseline blade. These numbers are much more aggressive. 
The cost sensitivity columns in Tables 5 and 6 also require some explanation. The figures listed 
in these columns are a measure of the percentage by which the total blade cost would be reduced 
for every $/kg or $/lb by which the cost of the dry fabric is reduced. If, for example, 3TEX were 
to develop a glass/carbon hybrid 3-D woven with an average fiber density of 2.2 g/cc and a 
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modulus such that the stiffiiess of a composite of 55% fiber volume fraction is approximately 
13 Msi, then one could reference Table 4 and determine that the maximum economical cost of 
the dry fabric - in order to compete with the resin-infused baseline blade - is approximately 
$ll/kg. If instead 3TEX can produce the material for $10/kg, then the cost sensitivity columns 
would indicate that 3TEX could expect to reduce the overall blade cost by an addition 1,25%. If 
the material could be produced for $9/kg, then the blade cost would be reduced by 2.5%. 
In all of the cost modeling, labor costs were assumed fixed. No labor savings is taken into 
account for using either the single-piece 3-D woven spar caps or resin infusion processes. These 
labor savings have not been defined at present. Any savings in labor realized would result in a 
reduction in blade cost or could be transferred to a corresponding increase in the fiber material 
costs listed in Tables 5 and 6. 
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Atty docket #1100-041 
Spar Cap Material Properties: 

The predicted modulus was calculated on the basis of a total fiber volume fraction in the 
composite of 55% using 3TEX's stiffiiess averaging model. The predicted composite modulus 
values, and some important preform properties, including fabric price per pound for all the spar 
cap materials, are given in Table 7. 



Table 1. Predicted Properties and Estimated Price for All Spar Cap Fabrics 



X rouiici in 


Picks 
per lucn 


Fabric 
Weight 

oz/yd' 


Fabric 


Calculated En 
Gpa 


Fabric Price 


Modar 865 


JefTco 1401 


P3W-HX050 


2.5 


151.8 


1.85 


118.06 


119.19 


8.90 


P3W-HX049 


3 


154.8 


1.87 


116.52 


117.69 


9.00 


P3W-HX048 


3.5 


157.7 


1.87 


1 14.97 


116.19 


9.00 


P3W-HX047 


4 


160.7 


1.89 


113.54 


114.80 


9.00 


P3W-HX046 


5 


166.7 


1.91 


110.76 


112.09 


9.20 


P3W-HX052 


3 


176.7 


2.15 


82.75 


83.93 


5.33 


P3W-HX053 


4 


182.6 


2.16 


80.77 


82.04 


5.27 


P3W-HX054 


3 


176.7 


2.15 


82.75 


83.93 


5.33 


P3W-HX055 


4 


182.6 


2.16 


80.77 


82.04 


5.27 


P3W-HX056 


3 


191.2 


2.35 


60.36 


61.54 


3.41 


P3W-HX057 


4 


197 


2.34 


58.96 


60.23 


3.48 



Composite panels were made using two different resins, the first is an epoxy resin (Jeffco Epoxy 
System # 1401 R-12, cured at room temperature) and the second is vinyl ester (Ashland 
MODAR® 865, post cured at 140° F). All composite panels were made using vacuum infusion. 
Based on the design of the preforms and the resin properties provided by the manufacturers, 
tensile modulus En was calculated using 3TEX's stiffiiess averaging model. From Table 8 and 
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Figure 6, it can be seen that the measured modulus values are higher than those predicted using 
our model. It is worth noting here that these measured modulus values are also higher than those 
expected, thus producing surprising results with embodiments of the present invention. 

Table 8. Spar Cap Composite Material Tensile Modulus 



Product ID 


Thickness 
Inch 


E„,Gpa 
Jeflco 1401 


Eii.Gpa 
Modar 865 


Calculated 


Measured 


Calculated 


IVleasured 


r J W-I1AU5U 


fi 1 QQ 


119.19 


122.80 


118.06 


133.48 


Din/ uvn/fo 




117.69 


121.21 


116.52 


127.27 


r3W-tlA04o 


U.lo7 


116.19 


125.90 


114.97 


* 






114.80 


130.24 


113.54 


125.44 


P3W-HX046 


0.201 


112.09 


116.66 


110.76 


* 


P3W-HX052 


0.211 


83.93 


88.05 


82.75 


86.51 


P3W-HX053 


0.229 


82.04 


86.19 


80.77 


85.01 


P3W-HX054 


0.201 


83.93 


77.64 


82.75 


* 


P3W-HX055 


0.229 


82.04 


85.15 


80.77 


80.40 


P3W.HX056 


0.206 


61.54 


60.74 


60.36 


* 


P3W-HX057 


0.223 


60.23 


66.05 


58.96 


63.52 



* Based on test results, these specimens were given a low priority for having limited contribution 



Figure 6. Comparison Between Calculated and Measured Tensile Modulus 

Fatigue testing of the 3-D composite materials was attempted at two imiversities, Wichita State 

University and University of Nebraska. In both cases, they encountered significant difficulties in 

breaking the material because of the high thickness and high strength. It appeared that new 

specimen design and test procedure are needed for proper testing of the thick 3-D woven 

materials. 
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The ability of 3-D woven skin material to reduce blade weight and cost was examined. The 
analysis started with the optimized 3-D woven constant thickness spar cap design with a 
composite En of 16.4 Msi, a spar cap root width of 750 mm, and a spar cap tip width of 100 mm. 
The glass skins of the present blade outboard of z=1000 mm were replaced with 3-D woven. 
Again, a fiber volume fraction of 55% was assumed, and a 3-D woven composite thickness of 
0.08 inch was employed. The spar cap thickness and the skin thickness distribution were 
simultaneously adjusted to minimize the blade weight. The only design driver for this exercise 
was blade tip deflection. 

Two candidate materials were examined, the properties of which were intended to approximate 
the properties of the following two materials: 45/45/10% glass/carbon hybrid 3-D woven with 
approximately equal volume of carbon warp and glass fill and about 10% of fibers in the z 
direction. 45/45/10% glass/carbon hybrid 3-D woven with half glass and half carbon warp and 
all glass fill and about 10% of the fibers in the z direction. 

These materials were examined each in two different ways. First, it was assumed that half of the 
glass biaxial material, and all the unidirectional glass material, were replaced by the 3-D woven 
skins. Next, it was assumed that all of the glass skin was replaced by 3-D woven. Table 9 
summarizes the results. 

Table 9. Summary of 3-D woven Skins Studies 
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OwqiositeS 


tiffiKSsin 




VMogpC K6CulCu(ni 


vnigpc wpuiirnon 


Aonimafl 


UOSC HBCuKaOll 


tfaeW&ipDiredioD 


Qdss Skins 


Rdalivs to the 


Kaanvc u) UK YvSl 




Relative to the 


Enxonuosite 


Rciraiii 


^ WH/VVllt IjBScUiK 


ImIU LoVUD ijnscune 




jYiiL/wiif ijaseiiiK 




IVti 












58 


a4 


Yes 


17% 


45% 


$ &20 


ff/o 


58 


&4 


N) 


24% 


50% 


$ &20 


7% 


30 


4.4 


Yes 


12% 


42% 


$ 6.20 


4% 


30 


44 


No 


15% 


44Vo 


S 6.20 


5% 



* CknMvel^ducticnduetDbodithe 
1^ Cips arc assumed to be of 1 1 3<1^ 3A\EA\flE vvith 75(^^ 



These results are encouraging and suggest that if the torsional stiffness requirements can be 
relaxed by half, that the weight and cost savings from replacing part of the skins with stiffer, 
lighter skin material might be significant. It should be noted, however, that an extensive analysis 
of torsion modes was not conducted in the present study, and this approach cannot be 
recommended without further study. 

It may not be possible to replace all of the glass multi-axial material in the skin. The 3-D woven 
material, with only warp, fill, and Z fibers may not provide the level of G12 required for minimal 
torsional rigidity of the blade. If some reduction of the torsional requirement is acceptable, the 
weight of the baseline 3-D woven model would be reduced by 25%, with a 10% reduction in 
cost. That would beat the best result shown in Table 9. 

A better understanding of 3-D woven material shear modulus and shear strength combined with a 
more detailed analysis of the blade design would be necessary to fully appreciate the role of 3-D 
woven in the skins. 
Variable Density Balsa 

The analysis of shear deformation in the sandwich structure utilizing variable density balsa and 
3-D woven skins in the outboard sections of the blade, can be handled through finite element 
modeling and application of 3TEX in-house analysis tools. 
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Although, balsa accounts for less than 4% of the weight of the blade and less than 3% of its cost, 
it is possible that, owed to the new spar cap design, low thickness and low density balsa can be 
used leading to a substantial reduction in blade weight. 
Embodiments having 3-D woven skin fabrics: 

For the skin material three designs were used, the first is a standard E-glass 3-D woven balanced 
x-y fabric, 77 oz/yd^. The second is a standard quasi-unidirectional fabric 64 oz/yd^ E-glass. And 
the third is a carbon/glass hybrid based on the 77 oz/yd^, where the glass filling is replaced with 
equal weight of carbon. Table 10 shows the details of these three designs. 
The two standard E-glass products are currently used by a number of boat manufacturers. The 
main difference between the aforementioned is that the 64 oz/yd^ is not a balanced fabric as 
compared to the 77 oz/yd^. Table 10 gives properties and price for the above three materials. 
The results of tests in Table 11 show 3-D woven materials' superiority over the warp knit 
material style # 1708 made by Fiber Glass Industries, Inc. for the two balsa densities. It can be 
seen that the 3-D woven material results in a higher peak load and modulus than the warp knit 
sandwich. Deflection at 100 lbs load is much lower for the 3-D woven sandwich material than 
that of the warp knit material. The modulus values obtained were much higher than those of 
Table 9, which points out to the possibility of using even lighter weight 3-D woven materials 
than the 64 oz/yd^ A 54 oz/yd^ or even a 3 1 oz/yd^, which are also standard 3-D woven E-glass 
products, will be sufficient to provide the skin to the balsa. 



Table 10. 3-D woven Wind Blade Skin Fabrics 





Weight 


Thickness 


Total 


Weight distribution % 


Fabric 


Product ID 


Oz/yd^ 


Inch 


Vf% 


Warp 


Fill 


Z 


Cost 












Carbon 


Glass 




S/lb. 


P3W-GE051 


64.0 


0.07 


47.3 


72.0 


0 


24 


4.0 


1.95 
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P3W-GE041 


77.0 


0.08 


48.0 


49.2 


0 


49 


1.8 


1.95 


P3W-HX051 


77.4 


0.10 


50.2 


47.8 


47.5 


0 


4.7 


6.43 



Table 11. Baltek Test results: Flexural, ASTM C393 Flex 4 Points 

L = length direction (warp) W=width direction (filling) 

Balsa core: S 67 



Product ID 


Direction 


Laminate 
Tliicliness 
Incli 


Lb^ft* 


Peal( load 
Lb. 


Deflect at 100 lb. 
Inch 


Modulus 
Gpa 


P3W-GE04I 


L 


1.159 


2.765 


2068.3 


0.696 


10.21 


Glass 


W 


1.174 


2.879 


2085.2 


0.574 


11.55 


P3W.HX051 


L (glass) 


1.180 


2.732 


2002.1 


0.665 


9.49 


Hybrid 


W (carbon) 


1.180 


2.724 


2238.7 


0.311 


21.28 


P3W-GE051 


L 


1.133 


2.384 


1963.6 


0.559 


10.54 


Glass 


W 


1.133 


2.379 


1690.3 


1.080 


6.75 


Warp Knit 


L 


1.107 


2.155 


1419.2 


1.645 


5.26 


1708 


W 


1.109 


2.153 


1539.5 


1.583 


5.47 



Balsa core: B2K-100 



P3W-GE041 
Glass 


L 


1.175 


3.21 


2186.3 


0.697 


10.53 


W 


1.175 


3.22 


2313.3 


0.614 


11.84 


P3W-HX051 
Hybrid 


L (glass) 


1.184 


3.07 


2335.8 


0.745 


9.63 


W (carbon) 


1.180 


3.04 


2442.6 


0.329 


22.05 


P3W-GE051 
Glass 


L 


1.133 


3.31 


2349.5 


0.638 


12.84 


W 


1.137 


2.70 


1587.2 


0.989 


6.71 


Warp Knit 
1708 


L 


1.107 


2.48 


1530.7 


1.678 


5.44 


W 


1.108 


2.50 


1499.1 


1.740 


5.44 
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The wetting of the carbon fibers with resin was not complete and this led to poor bonding 
between the fabric and the balsa where sandwich construction is used, which resulted in the 
tensile strength of the 3-D woven fabric with carbon hybrid to be lower than the glass materials. 
Adding carbon fiber to the skin fabric also increased the cost of the fabric substantially. This is 
demonstrated in Table 10. Compression strength of the 3-D woven glass materials is better than 
that of the multi-axial warp knit fabric. 



Table 12. Baltek 3-D woven Skin testing 

Edgewise Compression ASTM C364 and Tension ASTM C297 
Adhesive: 3M DP two-part epoxy 



Product ID 


Direction 


Compression Strength, psi 


Tensile Strength, psi 


S 67 Balsa 


D-lOO Balsa 


S 67 Balsa 


D-lOO Balsa 


P3W-GE041 
Glass 


W 


323.9 


363.7 


870.8 


1315.2 


L 


451.8 


495.2 


P3W-HX051 
Hybrid 


W (carbon) 


368.6 


481.9 


699.5 


895.9 


L (glass) 


367 


329.8 


P3W-GE051 
Glass 


W 


564.3 


533.9 


1020.6 


1235.1 


L 


500.3 


527.9 


Warp Knit 1708 


W 


273.2 


290.4 


1010.5 


1448.2 


L 


273.6 


294.6 



The results of testing for embodiments of the present invention confirm that 3-D woven carbon- 
glass hybrid materials offer a solution to large blades resulting in weight reduction and improved 
resin infusion processability. Furthermore, these embodiments and materials are effective for 
providing improvements in building large blades. 
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The design of a spar cap according to an embodiment of the present invention using a single 
piece of 3-D woven fabric with constant thickness and variable width, simplifies the 
manufacturing process by eliminating the need for lamination of a large number of layers and the 
dropping of plies to reduce the stiffness toward the tip of the blade, which could be sites for 
stress concentrations. The hybrid design selected avoids mixing glass and carbon in the same 
direction, which reduces the thickness of the spar cap and in turn the blade weight. A preferred 
design and construction of the present invention has 100% carbon warp with 100% glass filling 
and Z. 

For a 37-m blade designed for lEC Class IIA conditions, a spar cap root width between 750 and 
1,000 mm is most cost effective over the entire, range of composite stiffness values examined (5 
to 16.4 Msi). The cost is not terribly sensitive over a range of 250 mm either side of the optimal. 
The results are negligibly sensitive to the spar cap tip width over the range fi-om 75 to 200 mm. 
A spar cap material stiffness of 16 Msi, which was exceeded initial testing phases, results in 
weight reduction of between 30 and 33% compared to the baseline hand lay-up blade. Weight 
reductions relative to the resin infused baseline blade of between 20% and 25% are also 
attainable. 

Using 3-D woven E-glass material for all or part of the skins results in substantial reductions, 
i.e., 10-20%, in blade mass, relative to the already lighter 3-D woven baseline blade, with cost 
reductions between 4% and 7%. In another embodiment of the present invention, variable 
density balsa combined with the new blade design, which result in substantial weight and cost 
savings. 
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The results presented above clearly demonstrate the advantage of using 3-D woven materials in 
the spar cap in embodiments of the present invention. In a preferred embodiment according to 
the present invention, the design of a single piece spar cap with constant thickness would 
eliminates the need to drop plies in the laminate in moving from the root of the blade towards the 
tip. Instead, the reduction in stiffness is achieved by reducing the width along the length of the 
spar. Weaving one preform and cutting it into two pieces, one for the upper and one for the lower 
spar caps also substantially reduce the cost of the material. This method and product also 
simplifies the resin infusion process to manufacture of the blade, which leads to improved resin 
distribution throughout the material for improved uniformity, decreased processing time, and a 
corresponding additional labor savings. The use of 3-D woven skins in conjunction with variable 
density balsa core with this new spar design may also result in blade weight reduction through 
reducing the thickness and density of the balsa. In both applications of the thick 3-D woven 
materials, uniformity of thickness and properties would substantially improve the quality of the 
blade. 

Embodiments of the present invention provide for products and methods of manufacture and use 
for alternatives, including but not limited to: a single-piece with constant thickness and variable 
width, integral 3-D Woven Carbon/Glass Hybrid Spar Cap; a 3-D woven Glass skin/variable 
density balsa core sandwich component; and combinations thereof, all of which reduce rotor 
blade weight and manufacturing cost. 

Computational models of the spar cap may be provided such that thickness of the spar cap could 
be readily modified in order to optimize the geometry, and also allow the possibility of 
incorporating materials other than 3-D woven, in case some local stiffening or strengthening can 
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be provided, as well as being built so that including a variety of materials could modify the skin 
composition. 

The details of materials for the spar cap design example, identified in early phases of testing of 
the present invention, are included in Table 13. At this point, the materials woven are about 0.5 
inch thick in order to provide a finished composite thickness of 0.4 inch, and thus to match 
sample number 8 in Table 6. Fabric may be produced in various widths, in one example 
embodiment approximately about 30 inches wide, which is cut into two identical pieces, one for 
the top and one for the bottom spar cap of the present invention, which provides for two tapered 
pieces to be applied with the width decreasing from the root to the tip of the blade. 

Table 13. Spar Cap Materials Examples 





Fabric 
Areal 


Fabric 
Thiclcness 


Fabric 
Density 


Calculated Composite 
Modulus Ell 


Fabric 
Cost 
$/lb. 


Product ID 


Weight 
Oz/yd^ 


Incti 


g/cc 


Gpa, 
Modar 
865 


Gpa, 
Jeffco 
1401 




P3W-HX-MS3 


303.8 


0.455 


1.86 


118.1 


119.2 


9.25 


P3W-HX-MS4 


313.0 


0.460 


1.87 


115.7 


116.9 


9.25 



A 54 oz/yd^ or 31 oz/yd^ 3-D woven E-glass fabric is one example embodiment for use as the 
skin preform. Alternatives, such as composite sandwich panels can be fabricated and used to 
evaluate the torsional behavior of the optimized sandwich construction, depending on blade 



30 



Atty docket #1100-041 

design, application and implementation specifics. Also, alternatively, a multi-axial warp knit 
layer may be used to improve the torsional rigidity. 

Spar cap components, sandwich panels, and structural joint elements will vary based upon blade 
requirements as well, but preferably include at least one 3-D woven or multi-axial construction 
having a constant thickness and variable width, with the width decreasing from root to tip of the 
blade. 

A 20-ft sub-scale tapered spar with integrated shear was fabricated using resin infusion process 
as one embodiment of the present invention. Testing of the spar cap box example included static 
evaluation of the 20-ft sub-scale spar box including deflections, twist/flap characterization, in 
plane and out-of-plane stiffness, limit-load in two direction and strain verification. A prototype 
blade including the spar cap of the present invention was designed to apply to either a 34m or 
37m blade, using the optimized designs and resin infusion process. 

Certain modifications and improvements will occur to those skilled in the art upon a 
reading of the foregoing description. By way of example, cutting, handling, and transporting the 
thick, long and heavy materials may be done at a remote location from the blade manufacturing, 
or a 3D weaving machine may be provided at or near the location of blade manufacturing. All 
modifications and improvements have been deleted herein for the sake of conciseness and 
readability but are properly within the scope of the following claims. 
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